Abstract Future renewable water resources are likely to be insufficient to meet water demand for human use and minimum environmental flow requirements in many European regions. Hence, fair and equitable water allocation to different water use sectors and environmental needs is important for climate change adaptation in order to reduce negative effects on human well-being and aquatic ecosystems. We applied a system of coupled sectoral metamodels of water availability and water use in the domestic, manufacturing industry, electricity generation, and agricultural sectors to simulate the effects of generic water allocation schemes (WAS) at the European level. The relative performance of WAS in balancing adverse impacts on the water use sectors and aquatic ecosystems was analysed for an ensemble of 16 scenarios for the 2050s, which were built from the combination of four socio-economic scenarios, developed in the CLIMSAVE project, and four climate projections based on IPCC A1. The results indicate that significant physical water shortages may result from climate and socio-economic change in many regions of Europe, particularly in the Mediterranean. In the energy sector, average annual water demand can largely be met even in water allocation schemes that deprioritise the sector. However, prioritisation of agricultural water demand has significant adverse impacts on the domestic and manufacturing industry sectors. Cross-sectoral impacts were found to be lowest if at least one of the domestic and manufacturing sectors is assigned higher priority than Climatic Change (2015) 128:229-244 
agriculture. We conclude that adapting spatial patterns of water-intensive activities to renewable water availability across Europe, such as shifting irrigated agriculture to less waterstressed basins, could be an effective demand-side adaptation measure, and thus a candidate for support through EU policy.
Introduction
Many European river basins are facing water stress because human water demand within them approaches or exceeds the amount of renewable water resources (Wada et al. 2011 ). The situation is likely to be aggravated over the next decades by decreasing water availability due to climate change (Arnell et al. 2011; Milly et al. 2005; Alcamo et al. 2007 ) and increasing water demand for human use due to socio-economic development, mainly driven by population growth and lifestyle changes (Alcamo et al. 2007) . Moreover, it is acknowledged or required by policy regulations that environmental minimum flows must be guaranteed to reach a good ecological status of rivers (European Union 2000; Davis 2007; Richter 2010) , resulting in a further reduction of the renewable water resources available for human use.
Existing projections of future water use extrapolate assumptions for single sectors (e.g. domestic sector) independently from each other (e.g. Alcamo et al. 2007; de Roo et al. 2012) . Thus, it is not taken into account explicitly that future water availability may be insufficient to satisfy the cumulative water demands resulting from multiple sectoral projections. However, awareness of potential physical water shortages is crucial to developing adaptation strategies in integrated water resources management and planning. Those strategies may involve adaptation measures such as demand management, enhancing water retention, additional water supply, inter-basin water transfers, or planned re-location of water-intensive activities to less waterstressed regions (e.g. de Roo et al. 2012; Iglesias et al. 2012) . Regardless of the measures taken, adaptation strategies should ensure sustainable and fair water allocation between the environment and water users, which requires trade-offs on how to share the available water resources and the costs of adaptation (Davis 2007; Richter 2010) .
The most frequently applied mechanisms to achieve efficient and equitable water allocation are public water allocation by water authorities or governments, marginal cost water pricing, economic policy instruments (e.g. water markets), and user-based allocation (Dinar et al. 1997; Davis 2007 ). In addition, cooperative game theoretic approaches have been proposed to achieve economically efficient water allocation (Wang et al. 2007; Sechi et al. 2013) . Public water allocation, in particular, can promote equity or policy objectives for inter-sectoral water sharing, such as protecting the poor, satisfying sectoral minimum needs, or food security. However, water allocation by public authorities is often inefficient, lacking the necessary incentives to encourage efficient use of water (Dinar et al. 1997; Rosegrant et al. 2009 ). In contrast, market-based mechanisms are efficient in theory, but will always require governmental intervention to avoid market failures due to water's complexity as an economic good (Dinar et al. 1997) . Hence, water allocation within and across sectors is ultimately a political decision that should be based on a participatory approach involving stakeholders of all sectors, planners and decision-makers (e.g. Davis 2007; Kossida et al. 2012) . To support such approaches, it is essential that participants have access to reliable science-based information from various scientific disciplines. Participatory tools, such as the CLIMSAVE Integrated Assessment Platform (IAP), can assist stakeholders in exploring the cross-sectoral effects of different management options (Harrison et al. 2013 (Harrison et al. , 2014a .
In this work, we use the CLIMSAVE IAP to assess cross-sectoral impacts of generic water allocation schemes (WAS) in Europe. A WAS specifies the allocation of renewable water resources to environmental flows and various water use sectors, i.e., the domestic, manufacturing industry, thermal electricity generation (cooling), and agricultural (irrigation) sectors. The CLIMSAVE IAP allows simulating the effect of WAS on: (i) agricultural productivity and its consequences for land use, (ii) stresses on aquatic ecosystems, and unsatisfied water demand in the (iii) domestic, (iv) manufacturing industry, and (v) thermal electricity generation sectors.
We use a composite indicator to compare the relative performance of different WAS to balance or minimize adverse impacts on water use sectors and aquatic ecosystems in Europe. Uncertainty in the evaluation of WAS is addressed as we analyse an ensemble of 16 different scenarios, resulting from the combinations of four climate scenarios and four socio-economic scenarios.
Material and methods

The CLIMSAVE integrated assessment platform
The CLIMSAVE IAP is a system of ten coupled sectoral metamodels that was designed to provide rapid user interactivity as an exploratory tool (Harrison et al. 2013 (Harrison et al. , 2014a . It uses simplified models (metamodels) to meet the requirement of fast runtimes. This study focuses on the simulation results from the water-sector metamodel (hydrology and water use) and the metamodel for agricultural land use. In the following sections, the applied simulation approach and the linkages between the metamodels are briefly described (see the electronic supplement for further details).
The water sector metamodel WGMM
WGMM (WaterGAP metamodel) emulates the performance of the WaterGAP3 model (Alcamo et al. 2003; Döll et al. 2003; Verzano 2009; Flörke et al. 2013 ) on hydrology and water use. To reduce model runtime and input data requirements, the spatial resolution of WaterGAP3 (5×5 arc minute) has been aggregated to 92 European river basins greater than 10,000 km 2 . Each river basin represents either a large natural river catchment or a cluster of several smaller catchments with similar hydro-geographic conditions.
Water availability The metamodel representation of the WaterGAP model is realized by creating response surfaces tailored to river basins relating changes in water availability (WA) to simultaneous changes in temperature and precipitation. Response surfaces were derived from the output of WaterGAP3 simulations of water availability (30-year average) with systematically modified baseline climate inputs. Modifications in temperature ([0, +0.5,…, +6°C] ) and precipitation ([−50, −45,…, +50 %]) were applied to spatio-temporal patterns in the climate dataset for the baseline period 1971-2000 (Mitchell and Jones 2005) . When the metamodel is run with specific climate scenario input of gridded mean annual precipitation and air temperature, the change compared to the baseline in temperature and precipitation in each river basin is computed and used to derive the scenario value for WA from these response surfaces.
Water use The calculation of water withdrawals (WW) and consumption (WC) at the river basin level in the domestic, manufacturing, and electricity sectors is based on WaterGAP3 results for the year 2005 (Flörke et al. 2013) . Relative changes in WW and WC are proportional to changes in the following drivers at the country level: population, gross domestic product, manufacturing gross value added, thermal electricity production, and water savings due to behavioural and technological change. Agricultural water use is modelled by the agricultural sector metamodel SFARMOD (see 2.1.2).
The agricultural sector metamodel SFARMOD
The SFARMOD metamodel is described in Audsley et al. (2014) . It calculates for each soil and climate in every 10×10 arc minute grid cell the most profitable use of the land: arable, grassland, forest or abandoned. Arable land use includes the optimum cropping using 11 major European crops of which potatoes, sugar beet, maize, sunflower, soya and cotton can be irrigated. SFARMOD is emulated within the CLIMSAVE IAP using two metamodels. The first is a surrogate for a crop simulation model and calculates the potential yield with no water applied and with no water limitation. Given a price of water (and crop) the metamodel calculates the optimum economic irrigation level and hence gross margin. The second is a surrogate for a farm model that optimises cropping and the gross margin of the farm. For any future scenario, if crop production is different to demand over the EU, then crop price rises or falls. Similarly, if water demand is more than is available in a basin, water price rises, which leads to a reduction in water demand. The model iterates to satisfy crop demand within the water available. To this end, the optimum level of irrigation water usage is calculated explicitly, assuming a small increment in water price at a given crop price. The iteration stops if water demand is equal to, or less than, the water volume available in all river basins.
Model results related to water resources are therefore the increase in water price relative to the baseline, indicating unsatisfied demand for irrigation water, and the use of water in the basin, which cannot be more than the water available.
Model coupling
The metamodels WGMM and SFARMOD are linked via irrigation water supply and usage. First, WGMM computes an estimate of water availability and water demand in the nonagricultural sectors based on climate inputs and socio-economic drivers, respectively. These estimates are used to derive the maximum volume of water available for agriculture (WA A ) in each river basin according to the water allocation scheme chosen by the user of the IAP (see 2.3). Second, SFARMOD calculates the actual use of irrigation water within individual grid cells under the constraint that WA A must not be exceeded in a river basin (see 2.1.2). Finally, the actual volume of irrigation water used in the river basin is passed to WGMM in a feedback loop.
Water allocation scheme (WAS)
The rationale of the WAS implemented in the CLIMSAVE IAP (as part of WGMM) is to gauge the water volume available for human consumptive use (WA con ) and to model the effect of generic paradigms regarding water allocation following a top-down approach.
A WAS specifies the amount of water that must be preserved for environmental flows and the maximum allowable pro-rata share (S) in WA con to be consumed in domestic (S D ), manufacturing (S M ), electricity (S E ), and agriculture (S A ). Three different approaches, hereafter referred to as "rule types", were implemented:
"Fixed" -A fixed share for each sector is specified by the user irrespective of the sectoral demand in the river basin. This rule type is applied for scenarios assuming a specific water demand prioritization among the sectors, which can, for example, be the outcome of a political decision. "Proportional to Baseline" -The shares of individual sectors in total WC in the base year are kept constant in scenario simulations. This rule takes account of current conditions in a river basin allowing for a better representation of spatial heterogeneity than the fixed shares rule. The rule implements the "business as usual" paradigm. "Most important sector" -Sectoral WC in the baseline is used to identify the sector with the largest share in total WC. A maximum share of 80 % is allowed for this sector, while the remaining sectors share only 20 % of WA con according to their pro rata share in total baseline WC. This rule type might represent a decision to concentrate available water resources on the sector that has most assets already installed (e.g. large cities or irrigation infrastructure). A different interpretation is that the major water use sector is likely to prevail in the competition for water resources because it has the most economic and/or political power.
For each river basin, the routine carries out following steps:
Step 1 Water availability for consumption is calculated according to
Where Q 95 is the discharge exceeded 95 % of the time under baseline climate conditions, which is widely used as a simple estimate of minimum environmental flows (Tharme 2003) .
Step 2 The model tests whether there is a situation of (potential) water shortage, i.e., the sum of projected water consumption (=demand) in all sectors exceeds water availability for consumption. At this stage, water consumption in agriculture is unknown as this is calculated subsequently by SFARMOD. Therefore, agricultural water consumption is set equal to the maximum allowable share in available water resources (S A WA con ). If there is no potential water shortage, water consumption in non-agricultural sectors equals the demand and WA A equals WA con reduced by non-agricultural water consumption. In the case of potential water shortage, the routine continues with steps 3 and 4.
Step 3 WGMM determines each sector's maximum share in water available for consumption according to the rule type chosen by the user.
Step 4 Sectors are processed in the order from top to bottom priority. Actual restricted water consumption in each sector is derived as the minimum of the projected demand and (remaining) water available for consumption multiplied by the sector's share. After each allocation to a sector, water available for consumption is reduced by the sector's restricted water consumption and the remaining sector shares are re-scaled linearly to yield a total of 100 %. In this way, water that is not needed in sectors with higher priority is still available for sectors with lower priority. After these steps, WA A is set equal to restricted water consumption in agriculture and passed to SFARMOD. SFARMOD returns an estimate of actual irrigation water usage, which is the final estimate of water consumption in agriculture. If there is water left over from WA A it is used to correct potential over-restrictions in non-agricultural sectors. This is achieved by repeating step 4 with S A =0.
A list of the 27 WAS tested in this study is given in Table 1 . In schemes where "Fixed" rule types were used (except "ES") the proportions are selected so that each sector takes up to 80 % of the remaining water: the equivalent of 80 %, 16 %, 3.2 % and 0.8 % of the total.
Modelling exercise
The analysis in this study is based on the results of 432 scenario simulations with the CLIMSAVE IAP. We combined the four socio-economic scenarios developed in CLIMSAVE with a selection of four climate projections implemented in the IAP for the 2050s:
& The CLIMSAVE socio-economic scenarios, named "We are the world" (WAW), "Icarus", "Should I stay or should I go" (SISOG), and "Riders on the storm" (ROS), span a wide range of socio-economic development (Table 2) . For a detailed description see Kok et al. (2014) and Harrison et al. (2014b) . & We selected the output from the global circulation models IPCM4, CSMK3, GFCM21, and HadGEM based on the SRES emissions scenario A1 and high climate sensitivity (Dubrovsky et al. 2014 ).
The resulting ensemble of 16 scenarios was used to test the set of 27 different WAS (Table 1) . We assumed that the uncertainty of socio-economic development is reasonably represented by the range of assumptions across all four scenarios. The same assumption was made for the climate change scenarios, which vary widely with respect to trends and spatial patterns of precipitation and temperature (Table 2 ).
Composite indicator for cross-sectoral effects of water allocation schemes
We analysed the cross-sectoral effects of WAS based on six indicators -one indicator for each of the domestic, manufacturing industry, electricity generation, and agricultural sectors, one for stresses on aquatic ecosystems, and an integrated multi-sectoral indicator. For all indicators, hereafter referred to as impact indicators, higher values correspond to higher impacts. Unsatisfied water demand (m 3 ) was used as the impact indicator for the domestic, manufacturing industry, and electricity generation sectors as it directly measures the potential supply gap. In agriculture, unsatisfied water demand was not available from the model results because it depends on the WAS. As a proxy variable, we used the increase in irrigation water price compared to baseline (%) as the impact indicator for agriculture. For aquatic ecosystems, we chose the water exploitation index (WEI: dimensionless ratio of total WW to WA) as the impact indicator, which expresses the pressure on natural water resources. Larger values indicate a greater probability of pollution or depletion (Alcamo et al. 2007 ). To account for river basin size, WEI was multiplied by the relative share in total area.
To quantify the relative advantages or disadvantages of a WAS for individual sectors, we compared the values of the impact indicators to the range of these indicators spanned by the complete set of WAS. The comparison was done separately for each river basin and scenario in order to eliminate impacts that cannot be avoided by means of water allocation and indicator variability induced by inter-scenario differences and spatial heterogeneity. Across all WAS, the impact indicators were normalised to the interval [0, 1] using linear scaling. Thus, the normalised impact indicators expressed the ratio of adverse impacts brought about by a given WAS to the maximum adverse impacts, which were caused by the WAS putting the sector in the worst position for a specific scenario.
A sector-specific metric m of a WAS's relative impact at the European level in a given scenario was calculated as the sum of weighted normalised indicator values:
In Equation 2, I′ is the normalised impact indicator and σ is the standard deviation of a weighting variable over all WAS. The weights were defined as the ratio of the variability introduced by WAS in a given river basin (b) and scenario (s) to the maximum variability sum of all scenarios analysed. Hence, a higher weight reflects higher relevancy of water allocation for the sector under consideration in a given basin and scenario. The weighting variables were the (non-normalised) impact indicators except for agriculture where irrigation water usage (m 3 ) was used instead. In addition, we defined an integrated multi-sector impact metric m s as the arithmetic mean of the five single-sector indicators for a scenario s.
Results
A summary of the modelling results on water availability and water demand is given in Table 3 . In Europe, modelled baseline WW were largest in agriculture, followed by the sectors electricity generation, domestic, and manufacturing industry. However, the sectoral shares in total water withdrawals varied widely across European regions. Western and eastern Europe were dominated by water use for thermal electricity production, while agriculture played a major role in southern Europe and was also important in eastern Europe. The ratio of total WC to water available for consumption was highest in southern (28 %) and eastern Europe (9 %), followed by western (4 %) and northern (1 %) Europe.
The simulated changes in WA con for the 2050s varied among the climate change scenarios both in terms of magnitude and regional patterns, though there was no general disagreement in the direction of change. Mean WA con was projected to decrease by 13 % in Europe overall and by up to 42 % in southern Europe, whilst in northern Europe it increased by 17 % (Table 3) .
Relative changes in sectoral water withdrawals for the 2050s were highly variable between the socio-economic scenarios, but rather homogeneous across Europe within each scenario. The largest changes, by a factor of two to five, were found for irrigation WW. Regionally, irrigation WW increased by a factor of 33 in western (ROS), four in southern (WAW), 14 in eastern (ROS), and 26 in northern Europe (WAW). Total WW in Europe increased by a factor of up to 2.3 (ROS); the highest regional increase (factor 4.0, ROS) was found in southern Europe (Table 3) .
The single-sector and integrated cross-sectoral effects of WAS, in terms of relative impact indicators (section 2.4), are shown in Fig. 1 . Despite considerable scatter, caused by the wide range of projected sectoral water demand and spatial heterogeneity of projected WA con , clear patterns can be observed. The impact indicator for electricity generation was almost insensitive to the choice of WAS, because the sector's WC was comparably low and the demand was met in a large majority of basins and scenarios even if it was assigned lowest priority (Fig.1a) . Hence, we reduced the number of WAS analysed to nine: "PropBase", "MIS", "ES", and the fixed-type rules with least priority on electricity "DMAE", "MDAE", "MADE", "DAME", "AMDE", and "ADME" (see Table 1 ).
In general, unsatisfied water demand in the domestic and manufacturing industry sectors was larger when lower priority was given to these sectors. High priority of sectors with a large share in total WC (mostly agriculture and manufacturing) caused higher impacts in sectors with lower priority. For instance, the WAS with agriculture as a priority led to the highest gap in water supply for domestic and manufacturing industry sectors (Fig. 1b, c) . The same applied for "MIS" and "PropBase" as agriculture is the largest baseline water consumer (up to 97 % of total WC) in many regions where water shortages predominantly occur (southern and eastern Europe). Five of nine selected WAS reduced the supply gap in domestic and manufacturing industry to less than five percent. In agriculture, decreasing water volumes allocated to the sector led to significant increases in the price of irrigation water (Fig. 1d) .
For aquatic ecosystems, the relative impact indicator was greater than zero throughout because any WAS had opposing effects in different regions (Fig. 1e) . The impact indicator was influenced by two major mechanisms: Increasing supply triggers higher irrigation water usage as irrigation becomes more profitable due to lower prices. This potentially leads to increasing total water use and, hence, WEI. However, if additional water for irrigation is taken away from the domestic and manufacturing industry sectors, the same volume of total WC corresponds to lower WW and WEI due to a higher consumption factor in agriculture (WW=WC/consumption factor). Median consumption factors are 0.13 for domestic, 0.57 for manufacturing industry, and 0.73 for agriculture.
The integrated multi-sector relative impact indicator (Fig. 1f) allowed the WAS to be ranked according to their performance in balancing adverse cross-sectoral impacts. WAS with a low median are better suited to avoiding impacts across sectors (high performance). In addition, lower maximum values within the ensemble of different scenarios indicate greater robustness of a WAS. "PropBase" and "MDAE" had the highest performance, while "MADE" represented the best compromise of performance and robustness. As these indicators only account for relative differences between the alternative WAS in each sector, it is necessary to also consider the spatial patterns of the range of absolute sectoral impacts across all WAS tested (Fig. 2a-e) . In order to characterise the trade-offs in each sector and river basin, the ratio of adverse impacts under the best compromise WAS ("MADE") to the absolute range, is shown in Fig. 2f -j. Range and relative impact are given as the ensemble average of the 16 different scenarios.
Significant sensitivity to the choice of WAS in domestic, manufacturing, and electricity was only found in southern and eastern Europe with the exception of the Thames basin, where manufacturing was slightly affected (Fig. 2a-c) . However, adverse impacts were largely avoided by applying "MADE" (Fig. 2f-h ). Different WAS led to a considerable range of the impact indicator in agriculture (up to 108 % price change) in southern and eastern Europe (Fig. 2d) . Through applying "MADE", 20-60 % of the potential impacts could be avoided in most of the affected basins. However, the compromise solution was close to the worst alternative in a number of basins in Spain, Italy, and Bulgaria with more than 80 % of relative impact (Fig. 2i) . In about one third of European river basins, the WEI varied by 0.1-0.2. Hotspots were located along the Mediterranean coast of Spain and France, where a difference in WEI between WAS greater than 0.8 was found. With "MADE" in effect, WEI was about 0.1 higher than the observed minimum value in 88 % of all affected river basins, whereas the distance to the minimum in the worst case was 0.65 (eastern Spain) (compare Fig. 2e and j) .
Discussion
Our results show that future water availability under climate change is likely to fall short of meeting future water demand in many regions of Europe, particularly in the Mediterranean. This is an alarming finding, especially as two basic assumptions in the modelling approach are likely to lead to an over-optimistic estimate of water availability for human use: Firstly, we defined environmental flow requirements as the Q 95 under baseline conditions. Although this approach is widely used (Tharme 2003) , the actual flow regime needed to maintain aquatic ecosystems (Richter 2010 ), e.g., occasional flooding, may lead to a larger fraction of renewable water resources that cannot be used for human activities. Secondly, we assumed that 100 % of the remaining water resources can be utilised, which is clearly an over-estimate. In many countries, in particular in the Mediterranean, real available water resources are only about 50 % of total freshwater resources; in absence of reservoirs, only 7 % could be utilised (Iglesias et al. 2007 ).
The spatial heterogeneity in the composition of sectoral water demands implies that crosssectoral water allocation should consider local conditions. However, most WAS tested in this study assume fixed pro rata allocation, which is applied equally in all river basins. Exceptions are "PropBase" and "MIS", which take into account local conditions, though with simplifications due to restrictions of the CLIMSAVE IAP. Our approach draws on the water use profile Fig. 2 Maps of the absolute range of sectoral impact indicators across the WASs PropBase, MIS, ES, ADME, AMDE, DAME, DMAE, MDAE, and MADE ("range", a-e) and relative sectoral impacts under the best compromise WAS (MADE) compared to the absolute range ("Rel. impact", f-j). Values are averaged over the 16 different scenarios; basins with an indicator range less than 5 % of the maximum are labelled "not affected" in the baseline as an estimation of future conditions, although the proportions of sectoral water demands deviate to a varying degree from baseline conditions depending on the climate and socio-economic scenarios (Table 3) . This simplification is necessary as scenario calculations of agricultural water demand in the CLIMSAVE IAP depend on water availability for the sector, which in turn depends on the WAS. Hence, it would require an iterative procedure to calculate a solution, which would hamper the interactive use of the modelling platform as it is demanding in terms of model runtime. Although allocation rules which are actually in effect are frequently based on historical facts or fixed shares (Dinar et al. 1997) , it is unlikely that over a 40 year period they would not adjust to changing pressures.
The goal of the presented study was to examine the effect of different generic paradigms of water sharing at a large scale. This contrasts other recent work (e.g. Wang et al. 2007; Kondili et al. 2010; Sechi et al. 2013 ) aiming at optimisation of water allocation within a basin taking account of detailed local conditions, e.g. seasonal variations of water supply and demand, infrastructure, and economics. An advantage of our approach is that it demonstrates, through the example of irrigated agriculture, that a given water allocation in one basin potentially has a remote effect on water demand elsewhere as water-intensive activities may migrate to evade restrictions. In the CLIMSAVE IAP, (irrigated) agricultural production is allocated in Europe wherever it is most profitable until the European demand for crop production is fulfilled. The modelling results for WAS with low priority on agriculture show that crop production shifts from water scarce basins in southern and eastern Europe to parts of France, Germany, and the Baltic countries, which leads to growing irrigation water demands in these regions (not shown). Consequently, large-scale optimisation of water allocation, in particular if robust strategies are sought to deal with uncertainty, becomes an extremely complex task if water demand cannot be satisfied locally by means of optimal allocation.
Our finding that the WAS with second highest priority on agricultural water demand ("MADE") represented the best compromise between performance and robustness. This questions the paradigm that additional water resources needed to satisfy growing water demand in households and industry are going to (or should) be deducted from the agricultural sector. Although this paradigm is widely adopted, e.g., in worst-case assessments of the potential contribution of irrigated crop production to future food security (e.g. Rosegrant et al. 2009; Strzepek and Boehlert 2010) , it may impose unnecessary restrictions on agriculture.
As water allocation cannot improve total water supply, climate change adaptation in regions affected by water shortages entails the need for demand management in one or more sectors and/or measures to increase water supply (e.g. desalination). We agree with Kossida et al. (2012) that demand-side measures should have higher priority than supply-side measures as there is still a large potential for water savings due to behavioural changes, e.g., less waterintensive lifestyle, and improving water use efficiency. Our results show that shifting irrigated agriculture to less water-stressed basins can be an effective (autonomous) demand-side adaptation measure. However, it was shown that water savings due to higher efficiency in absence of adequate water allocation mechanisms does not necessarily lead to decreasing water use (Scott et al. 2014) .
Conclusions
In this study we demonstrated how the CLIMSAVE IAP can be used as an exploratory tool to investigate future adaptation needs in Europe's water related sectors. Our results show that climate and socio-economic change will likely lead to physical water shortages in numerous European river basins. Consequently, fair and equitable water allocation in affected basins will be necessary in order to prevent conflicts among water users, economic and social disadvantages for individual user groups, and deterioration of aquatic ecosystems. Moreover, we found that adverse impacts on the electricity sector can largely be avoided even if it is assigned least priority. Furthermore, cross-sectoral impacts are lowest if higher priority is assigned to the domestic or manufacturing industry sectors than to agriculture. In turn, top priority on agriculture clearly involves the highest risk of adverse impacts on the remaining sectors and aquatic ecosystems.
Based on our conclusions, general recommendations for EU policy can be derived: Policy makers should promote combined solutions of water demand management and cross-sectoral water allocation. Local level optimisation of water allocation should consider potential remote effects due to the dislocation of water-intensive activities. Moreover, EU policies and governance should establish framework conditions that support adapting spatial patterns of waterintensive activities to renewable water availability across Europe.
